Introduction
This work, sponsored by the Office of Rubber Reserve, is part of a thermochemical investigation of monomeric compounds of importance in the national synthetic rubber program, and is also a part of the work of the thermochemical laboratory of this Bureau on the determination of the heats of formation of compounds of importance to industry and seience.
Calorimetric measurements have been made that yield a value for the difference in the heats of combustion at constant pressure of 1,3-butadiene and 1,2-butadiene in the gaseous state at 25° C. Combination of this value, which is the heat of isomerization in the gaseous state at 25° C, with the previously reported value for the heat of formation of 1,3-butadiene [1] / yields values for the heats of formation and combustion of 1,2-butadiene.
II. Unit of Energy, Molecular Weights, Uncertainties
The unit of energy upon which values reported in this paper are based is the absolute joule, 1 Figures in brackets indicHte the literature references at the end of this paper.
Heat of Isomerization derived from mean solar seeonds, and absolute ohms and volts, in terms of which certification of standard resistances and standard cells is made by this Bureau. For conversion to the conventional thermochemical calorie, the following relation [2, 3] is used: 1 calorie=4.1840 absolute joules.
The atomic weights were taken as 0 = 16.0000, H = 1.0080, and C = 12.010 from the 1947 table of international atomic weights (41.
The uncertainties assigned to the various quantities dealt with in this paper were del'vied, where possible, by the method previously described [5] .
III. Method
The aim of this investigation was to determine as precisely as possible the heat of isomerization of 1,3-butadiene (gas) to 1,2-butadiene (gas) at constant pressure and 25° C. This was done by determining the ratio of the heats of combustion of these isomers [6] . The value of the difference between this ratio and Ullity, multiplied by an accepted value for the heat of combustion of 1,3,.butadiene, gives the heat of isomerization of 1,3-butadiene to 1,2-butadiene. In principle, the 269 , ratio of the heats of comlmstion of these isomers was determined as the inverse ratio of the masses of carbon dioxide, whose formation in the combustion of the respective isomers produced identical increases in temperature in the standard calorimeter system, measured as increases in resistance of the platinum resistance thermometer as determined on the given resistance bridge. With this procedure, the energy equivalent of the calorimeter system or the heat of combustion of one of the isomers need be lmown only approximately, and other systematic errors tend to caneelout.
The method of reducing the experiments'! observations was as follows: Let ~Rc = the corrected increase in temperature of the calorimeter system, expressed as the increase in resistance in ohms of the given platinum thermometer at a mean temperature of 25° 0, as measured with the given resistance bridge; mco2= the mass of carbon diO},'ide formed in the combustion of the hydrocarbon, in grams; E s= the energy equivalent, over the' standard" interval of temperatme, of the "standard" calorimeter system, obtained as the ratio of a given quantity of electric energy to the value of ~Rc produced by it, expressed as joules per ohm; qt = the energy" introduced into the calorimeter in the "ignition" process, consisting of sparking, igniting the flame, and extinguishing the flame, but not including any part of the heat of combustion, expressed in joules; qg = the energy introduced into the calorimeter by gases entering or leaving at a temperature different from 25° O.
q.= the energy (negative) introduced into the calorimeter by the process of evaporating such water as leaves or remains in the calorimeter in the gaseous state. qc= the energy introd uced into the calorimeter by the" standard '-calorimetric process" of combustion.
The total energy, q, introduced into the calorimeter by the actual combustion process III an experiment is
we obtain the following relation from which B is calculated for any given experiment:
For any two isomers, the ratio of the heats evolved per gram of carbon dioxide is equal to the ratio of their heats of combustion per mole. H the subscripts a and b refer to 1,3-butadiene and 1,2-butadiene, r espectively, and -~Elc o is the heat evolved in the standard combustion of one mole of the hydrocarbon, then and
(-Mlc O) a-(-I:lElc oh = (-M-lcO)a( l-B b/B a).

(5)
For the reaction of isomerization, 1, 3-butadiene (gas)= l, 2-butadiene (gas), (6) the standard heat of isomerization is It may be seen from eq 3 and 7 that the heat of isomerization derived by this procedme is not sensitive to the value of E. or of (-~ElcO) a. The total amount of energy in one experiment is about 60,000 j, and the largest variation in the value of q.+ qg + qi is about 150 j. Therefore, an error of 1 percent in 'the value of E s, used in eq 3, would cause an error of not more than 0.002 percent in the value of Bb/Ba. This corresponds to an error of 0.01 lecal/mole in the value of ~Elo (isomerization). Similarly, an error of 0.1 percent in the value of (-~ElcO) a used in eq 5 would cause an error of 0.01 kcal/mole in the value of ~Elo (isomerization) .
IV. Apparatus
Calorimeter Assembly and Thermometric
System
The calorimeter assembly used in this investigation was similar to that used in other investiga-tions in Lb is laboraLOl'Y [6, 7] , with som e improvements adel ed. Tb e .iaeket of the calorimcter was maintained ncar 27.00° C , at a tempcraLure con tanL within ± 0.002° C, by m ea ns of an au tomatic rcg ulator. In all experiments, th e calorimeLer uniJormly contained 3637.56 ± 0.02 g of water, together with the stirrer , platinum r es istance t.h ermometer , calorimeter h eater, a nd the glass reaction vessel with its metal s upport. The stirrer was operated at a s ubstantially cons tant sp eed of 276 rpm "vith a belt drive from a synchronous motor.
The calorimeter h eater consisted of about 65 ohms of enameled constantan resistance wire, No . . 30 A WG, wound on a Pizein-coatecl, thin, coppe r cylinder, the whole covered with Pizein [7] .
The thermometer system cons isted of a p latinum res istance thermometer No. 262,214 and ::.rllclkr res ista nce brid ge No. 404 [8] .
Reaction Vessel
An impro ved glass reacLion vessel was dcs igncd and mad e [or t hi s and subse ql1cnL invcsLigation s involving eombusL ion s in a {lam e at constant press ure. The new J"eacL ioll vcssel is shown in figure ] .
In the comblisLion of hydroca rbons oLh er t han methane and etha ne in a flame in a glass r eaction vessel, it is necessary to mix som e "p rim ary" oxygen with t he combustible gas before it refl,ches th e flame, in ord er to prevent depos it ion of unburned carbon in Lb e burner tube. For a given rate of fJ ow of th e combustible gas, the flame velocity is required to b e su ch that LIte flame will neither flash back insid e t be burner tub e, nor blow of! from the burner tip . For a given combustible gas burning in an atmosphere of oxygen, t he position of the flame at the burner tip is determined largely by t h e amount of "primary" oxygen mixed with the combustible gas. In the previous design of reaction vessel [7] , the admixture of primary oxygen was determined largely by the size of the Bunsen openings at the base of the burner tjp. The size of the Bunsen openings could b e changed only by cutting the reaction vessel apart. As changes were always requ ired for different types of hydrocarbons, this was a cumbersome al'rangemen t. In the new design, the primary oxygen is introduced through a sep- arate line, and the fraction of primary oxygen in the combustible mixture reaching the flame at the burner tip is easily controlled by regulating separately the rate of flow of th e combustible gas and of th e oxygen. In the present inves tigation, a rate of flow of butadiene equal to 29 ml jmin (or 0.0012 mole/min) was found to be satisfactory. The primary oxygen was adjusted to produce a blue flame with a sharp inner cone. The primary oxygen supplied about 30 percent of the oxygen requried for complete combustion of the hydrocarbon. The total oxygen (primary plus secondary) was about 150 percent of that required for complete combustion. (In order to avoid possible damage to the glass reaction vessel, preliminary tests of the amount of primary oxygen required for the satisfactory combustion of a given hydrocarbon, at given rates of flow, were made with a similar burner tube made of brass and provided with a glass chimney.)
Heat of Isomerization
The method of operation of the new reaction vessel is as follows: The hydrocarbon enters through inlet tube A , the primary oxygen through B, and the secondary oxygen through C. The hydrocarbon and primary oxygen mix in the chamber F and emcrge tlu'ough a hole (about 0.5 mm diameter) in the quartz tip G. Sparking across the platinum wires H, above the tip , ignitRi:3 the mixture, which burns ina steady flam e in the atmosphere of secondary oxygen supplied through the inlet C. One of the platinum wires en ters through the secondary oxygen inlet tube C; the other is groundcd to the calorimeter can. The gap between the platinum wires is about 3 mm. The gaseous products of combustion leave the combustion chamber at the top, are cooled to the temperature of the calorimeter in their passage through the glass spiral E, and leave the calorimeter through the outlet D. Most of the water vapor condenses to liquid, which collects at the bottom of the vessel at J , or in the bulb K, at the bottom of the spiral. Th e vessel is constructed to come apart at the joint L , to facilitate adjusting the spark gap and cleaning the vessel.
Sparking System
A new sparking system was assembled for this investigation. It consisted of a high-tension coil (Delco-Remy 538-z), a condenser having a capacity of 0.2 microfarad, and breaker points opera.ted by a h exagonal cam driven by a synchronous motor 272 having a speed of 1,800 rpm. Four dry cells were used as a source of energy. The spark gap at the burner tip was about 3 mm, and the normal t ime of sparking was 15 sec.
V. Chemical Procedure
Source and Purity of the Butadienes
The sample of 1,3-butadiene used was from a lot of 1,3-butadiene labeled Research Grade, Phillips Petroleum Co. The purity of this material, sampled from the vapor phase, was determined by measurements of freezing points by A. R. Glasgow, Jr. to be 99.83 ± 0.06 mole percent [9] .
The 1,2-butadiene used was a sample from the API-NBS series of highly purified hydrocarbons, which are being prepared through a cooperative undertaking of the American Petroleum Institute and the National Bureau of Standards. It was made available through the American Petroleum Institute R esear ch Proj ect 44 at the National Bureau of Standards on " D ata on properties of hydrocarbons" and was pmified at the National Bureau of Standards by the American Petroleum Institute Research Project 6 on the "Analysis, purification, and properties of hydrocarbons" from material supplied by the Standard Oil Development Co. through \V. J . Sweeney. A complete description of the purification and purity of this compound is given by Streiff, Murphy, Zimmerman, Soule, Sedlak, Willingham, and Rossini [10] , who r eported the purity by measurement of freezing points, to be 99.94 ± 0.05 mole percent.
It is calculated that in the extreme case, the heat . of combustion would be affected by less than the following amounts because of the impurities: 0.012 percent for impurities in 1,3-butadiene; and 0.003 percent for impurities in 1,2-butadiene.
The bu tadiene was withdrawn in the yap or phase from its container, passed through a tube of anhydrous calcium sulfate followed by a small amount of anhydrous magnesium perchlorate to remove traces of water, and fed directly into the reaction vessel m the calorimeter for the com bustion.
Purification of the Oxygen Used for Combustion
The oxygen used for combustion, including both the primary and secondary streams, was commer-
ide and water before entering the calorimeter by passage through tubes contai.ning, successively, a carite, magnesium perchlorate, and pho phorus pentoxide.
Purity of the Reaction of Combustion
As a check on the purity of the reaction of combustion, both the water and carbon dioxide formed in the combustion were collected and the masses determined for each experiment. In eight combustion experiments with 1,3-butadiene, the mean value of the ratio, r, of one-fourth of the number of moles of carbon dioxide to one-third of the number of moles of water, was found to be 1.00024, with a standard deviation of ±0.00022. Similarly for six experiments with 1,2-butadiene, the mean value of r was found to be 0.99994, with a standard deviation of ±0.00019.
Samples of the products of combustion were analyzed for carbon monoxide by the Gas Chemistry Section of this Bureau [11] . In no case was the total amount of carbon monoxide greater than 0.004 percent of the amoun t of carbon dioxide formed in the combustion.
The e1fect of any possible incomplete combustion during the ignition or extinction of the flame was eliminated by the procedure, described below, 'of determining the "ignition" energy in separate experiments in , .. hich the flame was allowed to burn only long enough to produce a steady flam e, and then was extinguished. With this procedure, the heat of combustion was in reality determined from the portion of the combustion when the flame was in a steady state, any constant errors associated with the ignition and extinction of the flame cancelling out.
Determination of the Amount of Reaction
For each calorimetric combustion experiment, the amount of reaction was determined from the mass of carbon dioxide formed, taking 1 mole or 44. 010 g of carbon dioxide as equivalent to onefourth mole of butadiene.
VI. Calorimetric Procedure
Calorjmetric Combustion Experiments
The following procedure was followed in preparing the calorimeter for all experiments: The Heat of Isomerization calorimeter jacket was brough t to temperature, near 27.00 0 C, where it was automatically maintained constant, within about ± 0.002° C, throughout the whole' experimenL. The tandard mass of water, 3627.56 ± 0.02 g, was weighed into the calorimeter can on the pan of a 5-kg balance, having a sensitivity at this load of 0.00 g per scale division, using the same weights in all experiments. The calorimeter can was placed in the calorimeter jacket, the d[,y reaction vesscl with the heater around it was lowered into the can, the cover was placed on the can, the jacket was covered, the stirrer was connected, and the platinum resistance thermometer inserted into the calorimeter can tluough th e hole in the jacket cover. The hydrocarbon and primary and secondary OA'Ygen lines were connected to the reaction vessel through flexible gl ass spirals. The weighed absorption tubes for waLer and carbon dioxide, a guard tube conLaining magne ium perchlorate and ascarite, a sampling bulb, and a flowmeter were connected to the outleL side of the reaction vessel through a threc-way stopcock ncar the vessel. This stopcock permitted oxygen to bypass the reaction vessel at the end of a combustion to flush any water and carbon dioxide in the lines into th e absorption tubes. The calorimete r was brough t to near the starting tempcrature by electrical heating, and a period of about 20 min was allowed for equilibrium to be e tablished. The calo rim etri c observations were begun when the calorimeter reached the eleded startin g temperature. The standard temperature rise was about 4 degrees for the combustion experiments, and the final temperature was slightly below the jacket temperature.
The calorimetric observations during an experiment consisted of: (a) a fore period of 20 min during which the reaction vessel, containing oxygen at atmospheric pressure, rem>1ined closed, and readings of the resistance of the platinum thermometer were taken every 2 ulin; (b) a "reaction" period during which the reaction took place, wi th a period allowed for equilibrium to be reestablished in the calorimeter , and during which readings of the resistance of the platinum thermometer were taken about every 15 sec or every minute, depending on the shape of the timetemperature curve; and (c) an after period of 20 min during which the reaction vessel remained closed, the calorimeter temperature was slightly below the jacket temperature, and readings of the resistance of the platinum thermometer were taken every 2 min.
The manipulation of the apparatus controlling the reaction during a combustion experiment was as follows: Before the calorimetric experiment, the two absorption t ubes for water and carbon dioxide were flushed with hydrogen and weighed by a method previously described [12, 13, 14] . The hydrocarbon inlet tube was flushed with h elium to remove oxygen from this line and the rest of the reaction vessel then flushed and left filled with oxygen at atmosphcric pressure. During the fore period, the rates of flow of the primary and secondary oxygen and gaseous hydrocarbon were regulated through bypass flowmeters. At the end of the fore period, the threeway stopcock outlet on the reaction vessel was opened to the absorption tubes, the primary and secondary streams of oxygen were turned into the vessel, the spark was turned on, and th e hydrocarbon was then turned into the vessel. The sparking was continued for 15 sec, or un tll the flame was started, as indicated by the flowmeter at the end of the line. The flame was all owed to burn until a final temperature slightly below the jacket temperature was reached, when the flame was extinguished by turning off the hydrocarbon.
The time of combustion was usually about 22 min. The primary and secondary s treams of oxygen were left on for an additional 10 min and then cut off. The reaction vessel was closed by setting the three-way stopcock at the ou tlet such that the oxygen would bypass thc r eaction vessel but would flow through the absorption tubes. Thus, all the watcr vapor not in the calorimetric reaction vessel was swept into the absorption tube. An add itional period of about 6 min was allowed for equilibrium to be established before starting the after pcriod . After the experiment, the absorption tube for water was flushed with hydrogen and weighed to obtain the amount of water carried out of thc calorimeter as vapor. The absorption tubes were replaced on the train and the reaction vessel flushed with oxygen overnight to carryall the water and carbon dixoide into the absorption tubes. Both tubes were then flushed with hydrogen and weighed. The mass of carbon dioxide produced was used to determine the amount of reaction, and the stoichiometric ratio of the masses of carbon dixoide 274 and water was used to check th e puri ty of the reaction of combustion.
The corrected increase in temperature of the calorimeter system, I:!.Rc , expressed as the increase in resistance in ohms of the given platinum thermometer at a m ean temperature of 25° C, was taken as the differen ce in the r esistance of the thermometer between the beginning of the after period and the end of th e fore period, corrected for heat of stirring and thermal leakage [15] .
Determination of the "Ignition" Energy
Experiments to determine the energy associated with the igni tion and extinction of the flame ("ignition" en rgy experiments ) were performed in the sam e manner as the regular combustion experiments, except that the flame was allowed to burn only long enough to be sure a steady flam e was attained. The flam e was usually left burning for about 40 second s. The initial temperature in these experimrmts was a fraction of a degree below the jack:et temperature, and the rise of temperature was about 0.1 d eg. Experiments were also performed in which only sparking energy was added to the calorimeter.
The mean value for the "ignit ion" energy, which is the energy associated wi th the process of ignition and extiJlction of the flame, but not including any part of the heat of combustion, obtained from seven experiments with 1 ,3-buta-' diene and two experiments with 1,2-butadiene, with an average of 0.0005 mole of butadien e burned in each experiment, was found to be 33.1 j, with a standard deviation of ±2 .8 j. In separate experiments in which no hydrocarbon was burned and sparking alone for the standard time occurred, the sparking energy was found to be 31.1 j with a standard deviation of ± 0.8 j . In making th ese calculations, the value of Es, the standard energy equivalent, was taken as 154,446 abs j/ohm.
. For the present experiments, the ignition energy for the standard time (15 sec) of sparking was taken as the weighted mean of the foregoing valu es, 31.3 j with a standard deviation of 0.8 j.
Reduction to the Standard Calorimetric Process
The process that actually takes plaee in thenC4H 6 , 1 atm, tf) . (8) The energy evolved in this reaction and including th e ignition energy is q= E sD.R c. In the forego ing equation, tr is th e temperature of the room ; tm and t f arc t.he mean and final temperatures, respectively, of the calorimeter ; n is the numb er of moles of hydro carbon entering the ca lorimeter ; (m l + m2 + m 3) is the numb er of m oles of oxygen .
h I ' 11 entenng t e ca onmeter ; m l= -n is th e number 2 of moles entering during the actual combustion period and being used in the eombustion ; m2 is the excess numb er of moles entering during the actual combustion period and leaving th e calorimeter as a mi xture with 1' =4n moles of carbon dioxide and b moles of water vapor ; m3 is the numb er of moles of oxygen entering the calorimeter during the flushing imm ediately foll owing the actual com bustion period and leaving the calorimeter as a mixture with c moles of water vapor; (a-b-c) is the numbrr of moles of water left in th e calorimeter in the liquid state; and a = 3n is the to tal number of m oles of water formed in the C0111.-bustion. Th e quantity c also includes a very small amount of water left in the calorimetrr in the gaseous state.
It is des irab le to con ect the res ults of each calorimetric experiment to a common basis for comparison. This can b e done by adj usting all r esults to the basis of a "standard calorimetric process" defined by the equation nCJI6 (gas, 1 atm, tZ5) + (m 1 + m2 )0 2 (gas, 1 atm, tzs) = [1'C02 + mZ0 2](gas, aHzO(liq, 1 atm, t25)
The energy evolved in this reaction is qc.
For the present experiments the various quantitips have the val ues The differ ence between the energy, qc, evolved
Heat of Isomerization
in the stand ard calorim etric process expressed by eq 9, and that evolved in the actual calorimetri c proeess expressed by eq 8, but including th e energy of igni tion, is qc-q= -(qg + q.+q,).
The energy assor i a ted wi th the adj us tmen t of the composition of the carbon dioxide-oxygen mixture issuing from the ealorimeter in the individual experiments to the average composition as expressed in the "standard calorimetri c process" is negligible. The quantities qg and q. were evaluated by the relations: and 0 5 = 37.1 arc the approx imate heat capacities of bu tadiene (gas) , oxyge n(gas), I-IzO (gas) , H 20 (liq ), and CO2 (gas) , r espectively, in j/deg mole, and D.l1v= 43, 992 abs j/mole is the hea t of vaporizatlon of water at 25° 0 and sat uration press ure.
To obtain the valu es of t he standard h eat of reaction, tJ.Ho, from the standard calorimetric process indicated by eq 9, it is only n ecessary to take account of the change in h eat co ntent with pressure at consta nt temperature for each gas from its given pressure to zero pressure, so that each substance will have the heat content of the thermodynamie standard state. Since this correction will not b e significantly differ ent for the two isomers, the ratio of the values of D.H for the standard calorimetric process will also b c the ratio of th e values of D.Ho for the standard thermodynamIC process.
VII. Results of the Present Investigation
The results of th e calorimetric combustion experiments for 1,3-butadiene and 1,2-butadiene are given in tables 1 and 2, r espectively. For th ese calculations, the value of E ., the energy equivalent, was taken as approximately 154,446 j/ohm. The vah10 of B were calculated from eq 3. 
The values previously reported [1] for th e h eats of combustion and forma tion of 1,3-butadien e (gas) are 276 11 C4H 6 (1,3-butadiene, gas) + "2 O2 (gas) = 4C02(gas) + 3H20 (liquid), (15) -t!Hc~98 . 1 6 = 607 . 91 ± 0.23 kcal/m~le.
4C(c, graphite) + 3H 2(gas) = C4H 6 (1,3-butadiene, gas), t!Hj~98 . 1 6 = 26 . 7 5 ± 0.23 kcal/mo le.
The h eat of isomerizat ion at 25° C thu s becomes (from eq 7): 1,3-butadien e (gas) = 1,2-butadien e (gas) 4C (e, graphi te) + 3H 2 (gas) = C4H 6 (I ,2-butadien e, gas), t!Hj~98. 1 6=39.53± 0 .2S lecal/mol e.
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